Neonatal immune responses have been associated with the development of atopy in childhood. We assessed in cord blood mononuclear cells (CBMC) whether increased allergen/mitogen-induced lymphoproliferation (LP) is associated with pro-allergic Th2 cytokine IL-13 or Th1 cytokine IFN-γ secretion. We determined whether LP to one allergen is related to heightened lymphocyte function to other allergens/mitogen. CBMC from 135 neonates were stimulated with house dust mite (Derf1), cockroach, ovalbumin, or mitogen. LP to one allergen was associated with significantly increased LP to other allergens/mitogen. Increased Derf1-LP was associated with increased Derf1-induced IL-13 secretion (r = 0.21, p = 0.01). After adjusting for neonatal gender, race, and maternal smoking, Derf1-LP remained associated with Derf1-IL-13 (OR 3.08, 95% CI 1.56-6.10). Increased mitogen-induced proliferation was associated with increased mitogen-induced IL-13 secretion (r = 0.37, p < 0.001). For some individuals, a predisposition to a heightened immune response is already evident at birth. Whether this phenotype results in atopy in childhood warrants further investigation.
INTRODUCTION
Asthma is the most common chronic disease of childhood in western countries, with an increasing prevalence over the last two decades (1) . The development of childhood asthma, a T helper (Th) 2 cell-mediated immune disease, is influenced by genetic, developmental, and environmental factors (2) , and immunological phenomena are critical in the differentiation of the early immune system. Thesearch for risk factors and predictors of allergic disease detectable at birth extends beyond the frequently studied relevance of IgE levels in cord blood (3) . One factor during the fetal period critical to the development of the immune system is exposure to different allergens, either in utero or postnatally. Antigen-induced proliferation by umbilical cord blood mononuclear cells (CBMCs) in response to a variety of antigens, including allergens, has been acknowledged in a number of studies (4) (5) (6) and has been associated with subsequent development of atopic diseases (7, 8) .
Besides genetic predisposition, neonatal immune responses may be "primed" by the intrauterine environment, and cytokine responses may be modulated by cytokines present in gestation-associated tissues or in amniotic fluid (9, 10) . Specifically, the two cytokines IFN-γ and IL-13, which we analyzed in this study, are of interest. Production of IFN-γ (Th1 cytokine) in unstimulated CBMC was associated with a lower risk of atopic diseases in childhood (11) . As a critical Th2 cytokine, IL-13 secretion is increased in the mucosa of atopic and non-atopic asthmatics compared with non-asthmatic controls (12) . Further, blockade of IL-13 in murine models of allergic asthma has resulted in decreased airway hyperresponsiveness, mucus production, and eosinophilia in bronchoalveolar lavage (13, 14) .
Whether a response to one allergen reflects a heightened response of the neonatal immune system to other allergens or to mitogen and vice versa has not yet been determined. In this study, we hypothesized that increased proliferation of CBMC to one antigen is associated with an increased proliferative response to another antigen and mitogen. Further, we postulated that an increased proliferative response to one allergen is associated with a pro-allergic increase in IL-13 and a decrease in IFN-γ secretion induced by the identical antigen.
METHODS

Human Study Populations
Subjects for this noninterventional study were participants in a pregnancy-birth cohort study from the Boston metropolitan area (15) with enrollment from April 1999 through July 2002. Expectant mothers were approached at their initial prenatal visit for consent. Participants were interviewed and asked to complete questionnaires in the first and second trimester of pregnancy, as well as at the time of delivery. Exclusion criteria included multiple gestation, inability to answer questions in English a plan to move out of the area before delivery, and a gestational age greater than 22 completed weeks at the initial prenatal clinical appointment. Venous umbilical cord blood was obtained at the time of delivery from neonates born as a nonemergency. Subjects were included when data about both proliferation and cytokine secretion were available. The study was approved by the Institutional Review Boards of Brigham and Woman's Hospital and Harvard Pilgrim Health Care. Informed consent was obtained from mothers including cord blood collection and longitudinal follow-up of their offspring.
Isolation of CBMC and Lymphocyte Proliferation
Cord blood samples (n = 135) were collected from the umbilical vein at delivery and processed as previously described (15, 16) . Samples were placed in heparinized tubes and processed within 24 h. Mononuclear cells were isolated by density-gradient centrifugation with FicollHypaque Plus (Pharmacia, Uppsala, Sweden) after dilution in phosphate-buffered saline (PBS, Sigma Aldrich, St. Louis, MO). Cells were washed in RPMI 1640 and diluted in 10% human serum (Biowhittaker, Walkersville, MD) to a concentration of 5 × 10 6 cells/ml. For the lymphocyte proliferation (LP) assay, 0.5 × 10 6 CBMC/well were cultured in quadruplicate in 96-well round-bottom tissue culture plates (Corning, New York, NY) for 72 h, either unstimulated or stimulated with 30 µg/ml Derf1 (Dermatophagoides farinae 1, house dust mite, Indoor Biotechnologies, Charlottesville, VA), 30 µg/ml Blag2 (Blatella germanica 2, cockroach, Indoor Biotechnologies, Charlottesville, VA), 100 µg/ml Ova (Ovalbumin, Sigma Aldrich, St. Louis, MO), or 5 µg/ml PHA (phytohemagglutinin, Sigma Aldrich, St. Louis, MO). The indicated doses and timepoints were chosen after optimization experiments with dose/time-response curves. Allergenspecificity was tested by blockade of lymphoproliferation by anti-MHC II antibodies (10 µg/ml) to the allergen Der f1.
We tested all reagents for endotoxin contamination by Limulus Assay. Endotoxin content was very low (<0.01 EU/ml), did not significantly change lymphocyte proliferation or cytokine secretion in CBMC, and functional ability to stimulate CBMC was not relevant at these concentrations. After stimulation, CBMC were further pulsed with 1 µCi [ 3 H]thymidine for an additional 8 h. Cultures were maintained at 37
• C in a humidified 5% CO 2 incubation chamber. Cells were harvested with a Tomcat Mach II harvester (Wallac, Turku, Finland) onto filter plates, which were read in a β-counter. Proliferation was quantified by stimulation index (SI), which is calculated as the ratio of mean counts per minute (cpm) of stimulated to unstimulated replicates.
Cytokine Measurements
Cells were cultured in medium alone or with Derf1, Blag2, or PHA as described above and harvested at 72 h of stimulation. Supernatants for determination of IL-13 and IFN-γ secretion were analyzed by ELISA (Endogen, Rockford, IL) according to the manufacturer's instructions. The lower limit of detection was 7.0 pg/ml for IL-13 and 2.0 pg/ml for IFN-γ .
Definition of Variables
Population characteristics, including smoking history, delivery type, neonate gender, gestational age, birth weight, and race/ethnicity, were determined through written questionnaires, interviews, and review of medical records. Maternal smoking status, both current and prior, and determination of the ethnicity of the neonate based on parental report of race/ethnicity, was assessed on the first trimester questionnaire completed at an average of 10 weeks of gestation. If both parents were white, the child was classified as being white. If either parent was black, the child was classified as being black. If no parent was black but at least one parent was Hispanic, the child was classified as Hispanic. If no parent was black or Hispanic but at least one parent was Asian, the child was classified as Asian. If no parent was black, Hispanic, or Asian but at least one parent was American Indian, the child was classified as being other. Maternal atopy was determined during the first trimester interview and was defined as a history of a doctor's diagnosis of asthma, hay fever, or eczema.
Definition of Predictor/Outcome Variables and Data Analysis
Lymphocyte proliferation SI was calculated as the ratio of mean cpm in stimulated lymphocytes divided by the mean cpm in unstimulated lymphocytes. Subjects with a PHA SI >3 SD below the geometric mean (PHA SI < 5) (n = 1/135) were excluded from the analyses. Proliferative responses to Derf1 and PHA were natural-log transformed to normalize the distribution of the data. Proliferative responses to Blag2 and Ova did not normalize with natural-log transformation; we used either Pearson's or Spearman's correlation testing to assess the correlations between proliferative responses. For Derf1, Blag2, and Ova, an SI > 2 was defined as positive; proliferative responses after stimulation with PHA were dichotomized according to the geometric mean. We evaluated the data in both a linear and dichotomized way.
The cytokines IL-13 and IFN-γ were not normally distributed. Log transformation of the cytokines did not normalize the data. Therefore, cytokines were either analyzed with Spearman's rank correlation coefficient when reported as a continuous variable (Table III) or dichotomized below or above the geometric mean and analyzed with the chi-square test (Fig. 3) . If cytokine levels were nondetectable, data were set to 0.01 and included in the analysis. We used multivariate logistic regression to evaluate the influence of maternal history of asthma, as well as maternal smoking and race/ethnicity. Analyses were performed with Sigma Stat, SPSS, and SAS (Version 8, Cary, NC) software. Statistical significance was defined as p < 0.05.
RESULTS
Population Characteristics
Demographic and medical data for the study population of 135 subjects, including maternal data, are presented in Table I . All subjects had measurements for proliferation following stimulation of CBMCs with the allergens Derf1 and Blag2, Ova, and the mitogen PHA and measurements for cytokine secretions after stimulation with Derf1, Blag2, and the mitogen PHA. Evaluation of maternal characteristics in Table I for potential association or confounding factors for proliferation to Derf1 (log) revealed potential influences of gender, race/ethnicity, and maternal history of ever smoking (p < 0.15) (data not Note. n = 135. a Maternal history of atopy was defined as maternal report of one or more of the diagnoses "asthma," "hay fever," or "eczema."
shown). Maternal atopy was no confounding factor for the analysis.
Lymphoproliferative Responses
Lymphoproliferative responses (LP) to Derf1, Blag2, and Ova are presented in Fig. 1 (n = 135) . The median (line within the box), 25th and 75th percentile (boundaries of box) and the 90th/10th percentile (whiskers of box) of each stimulus are presented, as well as outlying points. A total of 51.1% of CBMCs responded positively (SI above 2) to stimulation with Derf1, 37% to stimulation Fig. 1 . Cord blood proliferation in response to allergens. Lymphocyte proliferation to Der f1, Bla g2, and Ova are presented. The median (line within the box), 25th and 75th percentile (boundaries of box) and the 90th/10th percentile (whiskers of box) are shown, as well as outlying points. Lymphocyte proliferation was determined following stimulation with Derf1, Blag2, or Ova for 72 h by [ 3 H]thymidine uptake as described in Methods section. Proliferation was quantified by stimulation index (SI), which is calculated as the ratio of mean counts per minute (cpm) of stimulated to the mean cpm of unstimulated replicates. A positive stimulation index (SI) was defined as >2 (n = 135 subjects). with Blag2, and 11.1% to stimulation with Ova. Proliferation in response to PHA was dichotomized by the geometric mean (SI 43, range from SI 6.48 to 458) for PHA stimulation; 71 subjects (52.6%) were above the geometric mean for PHA (data not shown). To determine whether a positive LP to one specific antigen indicated a heightened immune response of neonatal CBMC to another antigen as well, we investigated the correlation between the proliferative responses to different antigens (Table II shows Spearmans/Pearson correlation between LP responses to allergen/mitogen). We also examined the impact of a higher proliferative response to an allergen to the proliferative response to the mitogen PHA to assess whether subjects with higher proliferative responses to allergen also have a heightened T-cell reactivity in general.
In addition, we assessed the relevance of a response to a mitogen in relation to allergen-induced proliferation. In analyses expressing LP as a continuous variable, neonates with a higher proliferative response to allergen or mitogen were also more likely to have an increased proliferative response to another allergen or mitogen, respectively (Table II, 1st and 2nd first column of data). We also analyzed proliferation as a dichotomous variable (Table II, 3rd, 4th , and 5th column of data). Neonates with a positive SI to one allergen were more likely to have a positive proliferative response to another allergen, including Derf1 and Blag2, and also to the mitogen PHA (Table II) . In reverse, when proliferation in response to PHA was increased, subjects were more likely to have a positive proliferative response to Derf1, Blag2, and Ova.
Analysis of IL-13 and IFN-γ Secretion in Response to Allergens and Mitogen
The cytokines IL-13 and IFN-γ were frequently undetectable both in unstimulated cells and after stimulation by antigen or mitogen (IL-13 detectable in 43, 31, 99, and 30% of samples after stimulation with Derf1, Blag2, PHA, and in unstimulated cells, respectively; IFN-γ was detectable in 56, 53, 79, and 37% of samples). The distribution of both IL-13 and IFN-γ secretion in unstimulated cells (U) and following stimulation with Derf1 and Blag2 is shown in Fig. 2 . To assess the relation between cytokine secretion and proliferative response induced by allergic stimuli and mitogen, we examined IL-13 and IFN-γ as important Th2 and Th1 cytokines, respectively, in relation to allergen-or mitogen-induced proliferation. The data are presented in both a continuous and dichotomous way (Table III, Fig. 3 ). Increased proliferation in response to Derf1 stimulation was associated with an increase in Derf1-induced secretion of IL-13 but not with any significant change in secretion of IFN-γ (Table III, Fig. 3) . Also, increased proliferation in response to the mitogen PHA was associated with increased PHA-induced secretion of IL-13 (Spearman's) (Table III) . However, secretion of IFN-γ induced by PHA was not affected. It is interesting that a higher proliferative response to PHA was associated with a lower secretion of IFN-γ at baseline (Table III) as well as with a lower secretion of IFN-γ in response to Derf1 (data not shown, correlation coef- When secretion of IL-13 was dichotomized below and above the geometric mean, negative Derf1-induced proliferation (SI < 2) was associated with a higher percentage of patients with lower IL-13 levels (below geometric mean), and positive Derf1-induced proliferation (SI > 2) was associated with a higher percentage of patients with higher IL-13 secretion (above geometric mean, p = 0.03, Fig. 3) . Evaluation of maternal characteristics in Table I for a potential association or confounding factors for proliferation to Derf1 (log) revealed potential influences of gender, race/ethnicity, and maternal history of ever smoking (p < 0.15) (data not shown). As a maternal history of atopy showed no association with Derf1-induced proliferation or cytokine secretion, respectively, data are not presented in relation to maternal atopy. Logistic regression for univariate analysis showed an OR of 1.88 (95% CI 1.10-3.20) for log Derf1 LP related to Derf1 IL-13 Note. n = 127-135, depending on number of complete cytokine and proliferation data.
secretion above the geometic mean. After adjusting for gender, race/ethnicity, and smoking, this association strengthened to an OR of 3.08 (95% CI 1.56-6.10, p = 0.001). The interquartile range for 1 unit change in Derf1 (log) SI was 1.2.
The percentage of neonates with Blag2-and PHAinduced IL-13 and IFN-γ secretion above or below the geometric mean was not significantly different when proliferation was dichotomized at 2 (for Blag2) or at the geometric mean (for PHA), respectively (data not shown). Allergen-and mitogen-induced secretion of IFN-γ (Derf1, Blag2, PHA) was not significantly associated with allergen-or mitogen-induced lymphoproliferation (continuous data shown in Table III , dichotomized data not shown).
DISCUSSION
Over the last decade, interest has increased in the neonatal immune system as a model for understanding the role of early immune responses in the development of atopic disease (17) (18) (19) (20) . This study demonstrates that CBMCs of neonates with an increased proliferative response to one allergen also manifest a higher proliferative response to another allergen, as well as to mitogen. Increased proliferation of CBMC in response to stimulation with dust mite Derf1 is associated with increased Derf1-induced secretion of IL-13. In contrast to the paradigm of an increase in Th2 cytokines (IL-13) and a decrease in Th1 (IFN-γ ) cytokines shown in some models of allergic diseases, Derf1-induced secretion of IFN-γ is not reduced in this cohorte. Furthermore, an increased proliferative response to the mitogen PHA is associated with increased secretion of IL-13 in response to PHA, but not with reduced secretion of IFN-γ .
This study also investigated whether these immune phenotypes might be differentially expressed at birth. Evidence that some aspects of allergic disposition are present at birth has arisen from several studies (5, 19, (21) (22) (23) . Lymphocytes from cord blood are capable of recognizing and proliferating in response to certain allergens such as milk protein and aeroallergens (17) (18) (19) (20) 24) . Proliferative responses to house dust mite allergen, birch pollen, and rye grass (5, 21, 22) have been observed in mononuclear cells collected at birth and found already to be present at 22 weeks gestation (25) . The finding in our study of T cell reactivity in response to several indoor allergens and to mitogen evokes several hypotheses. The ability to demonstrate proliferative responses to allergen at birth (22, (24) (25) (26) suggests the potential occurrence of prior intrauterine exposure to allergen leading to the generation of immunological memory. Whether the responses detected by in vitro stimulation of CBMC reflect in vivo primary T cell responses merits further investigation (17, 22, (26) (27) (28) . Besides a genetic atopic predisposition, several allergens may also be transferred through the placenta. IgG-dependent as well as IgG-independent route of transfer may play a role, as well as alternative routes such as via placental fibroids, paracellular pathways or also endocytic mechanism (29) (30) (31) (32) (33) (34) . In addition, the possibility of primary in vitro T cell responses or cross-reactivity, rather than specific activation of previously sensitized T cells is another potential interpretation (17, (35) (36) (37) (38) . The possibility of endotoxin contamination confounding our results was excluded on the basis of low endotoxin detection and functional assays (see Methods section). A positive proliferative response to a number of stimuli may indicate a heightened immune response in the neonate potentially induced in utero. Of interest is the report by several studies of an underlying association between CBMC lymphoproliferation and the development of atopic diseases (6, 17, 24, (35) (36) (37) (38) (39) (40) , but also no association between proliferation at birth and atopy up to 24 months of age is reported (41) .
Increased responses by Th2 lymphocytes to aeroallergens are presumed to be pathogenic in the development of allergic diseases (42) . At birth, possibly because of placenta-derived Th2 trophic factors, allergen-induced mononuclear cell responses are skewed toward a Th2-like phenotype (26, 42) , and IFN-γ responses are particularly low (43) . While IL-13 secretion by CBMCs was correlated with a higher risk of atopic diseases (40, 43) , several studies have associated a reduced IFN-γ response at birth and a potential Th1/Th2 imbalance with the development of atopic manifestation in childhood (7, 8, 20, 26, 40, (43) (44) (45) . The concept of a Th1/Th2 imbalance with the demonstration of decreased Th1 and increased Th2 responses and therefore a pro-allergic phenotype is attractive. However, in one study mitogen-induced cord blood IL-13 responses also appear to be suppressed in children who develop atopic disease (46) . In our study, baseline secretion of IL-13 and IFN-γ by CBMCs was low, but detectable. Further, Derf1-induced cytokine secretion of IL-13 was associated with positive LP to Derf1 stimulation. This Der f1-induced Th2 cytokine pattern is consistent with data showing increased Der f-induced IL-5 secretion in relation to SI positivity in response to Derf stimulation (47) . It is interesting that SI positivity in our study of 135 patients was not correlated with lower IFN-γ production. In addition, Miller found a positive relationship between IFN-γ production and SI positivity in Derf-stimulated CBMCs in 71 patients (47) . Investigations about the role of IFN-γ , a predominant Th1 cytokine, have presented heterogeneous data in studies of atopic disease. Some adult studies report no difference in secretion of IFN-γ in asthmatics compared with controls; others have found lower levels in asthmatics (48) . In contrast, increased levels of IFN-γ have been found in the serum and BAL fluid of asthmatics as compared with controls (49) . Collectively, our data support the concept that immune maturation evokes a complex array of immune responses that are not solely Th1/Th2-mediated.
Another interesting finding in our study results from the data on mitogen stimulation. Increased lymphocyte proliferation induced by mitogen and associated with allergen-induced lymphocyte proliferation or vice versa may account for a generally activated immune system. We have excluded nonspecific activation by blocking MHC II in allergen-stimulated and mitogen-stimulated CBMC and could confirm allergen-specifity (see Methods section). Positivity in response to more than one stimulus may imply that T-cell reactivity reflects the sensitization to indoor antigens in utero but also that infants with a highly positive response to mitogen may be more prone to allergen-induced T-cell reactivity.
A strength of this study is the investigation of unselected samples, with measures of immune responsiveness at birth: both proliferation and supernatant cytokines levels have been assayed in the cord blood of 135 neonates. Further, the lymphoproliferative profile and cytokine responses were evaluated in freshly stimulated, non-cryopreserved samples both with the allergens Derf1, Blag2, and Ova and with the mitogen PHA. The factor that 36.8% mothers of neonates in this study have a history of atopy merits consideration. One limitation of this study may be that information about skin prick test of parents was not available. However, the entity maternal atopy was not a confounding factor for our results and not major focus of the study. Several factors may be associated with lymphocyte proliferation and cytokine secretion, including maternal atopy, smoking, and birth modus (50) . It is interesting that the current literature is diverse indicating either increased proliferative responses in vitro by CBMCs of neonates with a family history of atopic disease (17, 24, 26, 40, 50) in comparison to neonates without parental atopy (4, 27) . The logistic multivariate regression revealed that adjusting for potential influencing factors of this study such as gender, race/ethnicity, or smoking further increased the associations between lymphoproliferative responses and cytokine secretion.
CONCLUSION
Taken together, the results of this study show that lymphoproliferative responses to one allergen are associated with increased responses to another allergen and to mitogen. Derf1-and PHA-induced IL-13 secretion are associated with higher proliferative responses but not with lower Derf1-induced IFN-γ secretion. The relevance of allergen-induced proliferation and cytokine secretion in the early immune responses warrants long-term followup. Whether neonates with higher proliferative responses to allergens (or mitogen) and additional higher Th2-skewed cytokine secretion will develop an atopic phenotype in the future is currently under investigation.
